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Abstract

Organ donors are sources of physiologically healthy organs and tissues for life-saving 

transplantation, and have been recently used for human immunology studies which are typically 

confined to the sampling of peripheral blood. Donors comprise a diverse population with different 

causes of death and clinical outcomes during hospitalization, and the effects of such variations on 

immune parameters in blood and tissues are not known. We present here coordinate analyses of 

innate and adaptive immune components in blood, lymphoid (bone marrow, spleen, lymph nodes), 

and mucosal (lungs, intestines) sites from a population of brain-dead organ donors (3-months-93-

years; n=291) across eight clinical parameters. Overall, the blood of donors exhibited similar 

monocyte and lymphocyte content and low serum levels of pro-inflammatory cytokines as healthy 

controls; however, donor blood had increased neutrophils and serum levels of IL-8, IL-6 and 

MCP-1 which varied with cause of death. In tissues, the frequency and composition of monocytes, 

neutrophils, B lymphocytes and T cell subsets in lymphoid or mucosal sites did not vary with 

clinical state, and was similar in donors independent of the extent of clinical complications. Our 

results reveal that organ donor maintain tissue homeostasis, and are a valuable resource for 

fundamental studies in human immunology.
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INTRODUCTION

Our understanding of the healthy human immune system and its related immunopathology—

infection, autoimmunity, inflammation, allergy, transplant rejection, cancer—has advanced 

tremendously largely due to advances in animal models (1–5). However, many aspects of the 

human experience, including a long lifespan, prolonged exposure to diverse microbial and 

environmental antigens, and extensive genetic heterogeneity cannot be recapitulated in 

rodent models. In-depth studies of the human immune system are therefore necessary to 

address unanswered questions in fundamental immunology and develop more effective 

therapies for transplantation, autoimmunity, and infectious diseases.

The most readily accessible site for studying human immune responses is peripheral blood, 

containing neutrophils and monocytes as the predominant innate immune cells, and T and B 

lymphocytes as the cellular components of adaptive immunity. However, the majority of 

innate and adaptive immune cells reside in tissues, including subsets of immune cells that do 

not enter circulation (e.g. dendritic cells, macrophages, and tissue-resident memory T cells). 

The anatomical localization and tissue compartmentalization of immune cells is emerging as 

a key factor in their function, regulation, and maintenance (6–8). Because of the logistical 

and ethical difficulties involved in acquiring human tissues, immunology studies have used 

surgical explants or biopsies of single sites derived from diseased tissues of small cohorts 

(9–16). Results from such studies, while providing views into tissue immune cell 

populations, cannot be extrapolated to understanding baseline immune health in the diverse 

population.

Compared to the multiple caveats involved in use of tissue biopsies and explants, tissues 

from recently deceased organ donors provide multiple advantages for the study of human 

immunity including: 1) multiple tissues from a single individual can be obtained at the time 

of acquisition for life-saving transplantation enabling isolation of live, functional immune 

cell populations (unlike post-mortem autopsy samples); 2) donors in our cohort were free of 

cancer, Hepatitis B, Hepatitis C, and HIV, and have similar baseline medical comorbidities 

as compared to the US adult population; and 3) key information on donors including age, 

gender, BMI, viral serology, HLA typing, and clinical information (comorbidities, cause of 

death (COD), blood cultures, cell counts, etc.) is available.

We, along with our collaborators, have embarked on a multi-dimensional analysis of innate 

and adaptive immune cells in diverse tissue types (blood-rich, mucosal, lymphoid) from 

research-consented organ donors through a protocol and collaboration with our local organ 

procurement organization in the New York Metropolitan area, LiveOnNY (17–24). Using 

this resource, we have analyzed immune cell subset distribution and heterogeneity 

throughout the body and across the lifespan in tissues from over 100 individuals (19, 21, 23), 

revealing that T cell and dendritic cell subset composition and differentiation are specific to 

the tissue site, with some age-associated changes in specific compartments (17, 21, 23, 24). 

While these findings suggest that organ donor tissues provide a reliable assessment of 

baseline immune responses, the extent to which clinical variations of the donors including 

circumstances of death or hospitalization, are affecting our results is not clear.
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Here, we conducted a novel analysis of the impact of clinical changes on innate and adaptive 

immune parameters in blood and multiple lymphoid and mucosal tissues in a large cohort of 

organ donors. Compared to healthy controls, the blood of organ donors contains similar 

myeloid and lymphocyte cellular compositions and low serum levels of multiple pro-

inflammatory cytokines; however, organ donor blood had elevated neutrophils and serum 

levels of MCP-1, IL-6, and IL-8. Despite these circulatory changes, there were few 

significant variations in the monocyte, neutrophil, or T cell subset composition in lymphoid, 

mucosal, or peripheral tissues over a range of eight clinical parameters, including COD, 

length of stay (LOS), and the presence of infection. Our results indicate that organ donor 

tissues contain stably maintained immune cell populations, and can provide a unique view 

into human immunological health and homeostasis.

Materials and Methods

Experimental design

Blood, mucosal and lymphoid tissues were obtained from research-consented organ donors 

aged 2 months-93yrs at the time of procurement for clinical transplantation through a 

protocol and material transfer agreement (MTA) with LiveOnNY from February 2011 

through October 2016 (n=291, Table S1). Tissue sites (ten total) included blood, bone 

marrow (BM), spleen, lung tissue, lymph nodes (LN) basins (lung hilum, mesenteric, and 

iliac), and intestines (jejunum, ileum, colon). Exclusion criteria for donors included active or 

recent cancer, and seropositivity for Hepatitis B, C, or HIV. The acquisition of tissue from 

deceased (brain dead) individuals does not qualify as human subjects research as confirmed 

by the Columbia University IRB. Peripheral blood samples were also drawn via 

venipuncture from consented volunteers, through an approved IRB protocol (Columbia 

University).

Isolation of cells from tissue sites

Tissue collection occurred after the donor organs were flushed with cold preservation 

solution and clinical procurement was completed. Tissues were processed within 2–4hrs of 

organ procurement resulting in high yields of live immune cells (17, 19, 23) (see online 

methods). For blood samples, lymphocytes were isolated by centrifugation through 

lymphocyte separation medium (Corning); monocytes and neutrophils were isolated using 

whole blood lysis techniques with ACK lysing buffer (Lonza, Walkersville, Md.).

Immune cell analysis by flow cytometry

Single-cell suspensions were stained with fluorochrome-conjugated antibodies (Table S2) in 

staining buffer (PBS/1% fetal bovine serum/0.1% sodium azide). Stained cells were acquired 

on a 6-laser LSRII analytical flow cytometer (BD Biosciences, San Jose, CA) or a 3-laser 

BD Fortessa flow cytometer. Controls included unstained samples, single fluorochrome-

stained compensation beads (OneComp ebeads, eBioscience), and fluorescence minus one 

(FMO) controls. Flow cytometry data were analyzed using FlowJo software (Treestar, 

Ashland, OR).
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Quantitation of Serum Cytokines

Blood was stored in EDTA coated collection tubes and then centrifuged to isolate the serum 

fraction. Serum cytokine content was quantitated using cytometric bead arrays 

(LEGENDplex™ Human Inflammation 13-plex Panel; Biolegend, San Diego, CA), and 

assessed by flow cytometry compared to control standards as indicated by the manufacturer.

Clinical Data

All clinical data were obtained from DonorNet®, the Organ Procurement and 

Transplantation Network’s computer system for transplant data collection and organ 

allocation. Eight clinical factors were chosen based on their known potential effects on organ 

physiology and immune responses: 1. Cause of death (COD; cerebrovascular stroke (CVA) 

vs. non-CVA used in risk indices in liver and kidney transplantation); 2. requirement for 

cardiopulmonary resuscitation (CPR) as cardiovascular instability is correlated with 

increased immune cell infiltration into tissues; 3. brain death duration based on reported 

cellular changes in animal models (25); 4. hospitalization length of stay (LOS) which 

correlates with overall worse outcomes and infections; 5. steroid administration known to 

inhibit immune responses; 6. acute lung injury (ALI) defined by the Berlin criteria also 

associated with tissue damage and infection (26); 7. Transfusions, including packed RBC or 

platelet transfusions, associated with changes in cytokines and lymphocytes (27); and 8. 

Positive blood or urine cultures indicating infections/ongoing immune responses. Donors 

with multiple factors were defined as having two or more of the above clinical 

characteristics. Donors were stratified into age categories: pediatric (0–15-years), young 

adult (16–35years), middle years (36–65yrs), and senior (> 65yrs). Clinical factors were 

compiled from all donors; immunological analysis was compiled from donors ≥16 years.

Statistical analysis

Donor demographics and clinical characteristics were analyzed with Stata MP (Stata Corp 

version 14.1, College Station, Texas). Categorical variables were analyzed using Pearson’s 

chi-squared test or test for trend. Continuous variables were presented as means (with 

standard deviation) or medians (with inter-quartile range), analyzed with either Student’s t-

test, ANOVA, or their non-parametric equivalent (Mann-Whitney U or Kruskal-Wallis tests, 

respectively). Frequency comparison two-tailed p values for each cell type/tissue by each 

clinical factor was then correlated with eight different clinical factors (see above) by two-

way ANOVA analyses in GraphPad PRISM, using Holm-Sidak post hoc correction for 

multiple comparisons (Graphpad software, La Jolla, CA). Family-wise level of significance 

was set at p < 0.05.

RESULTS

Study population and donor characteristics

Between February 2011 and October 2016 we obtained tissues from 291 research-consented 

organ donors (Table 1). Donors were aged two-months to 93-years of age (mean=39.7 years, 

66% male, Figure 1A). All donors met brain death criteria: 22% from head trauma (HT), 

38% from anoxia, and 40% from stroke. COD varied significantly by age; younger donors 
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were more likely to die from HT (p<0.001) while older donors of stroke (p<0.001) (Table 1 

and Figure 1B). CPR was required prior to organ procurement in 47% of donors, with the 

highest rate of CPR (88%) in donors who died of anoxic compared to other causes (p<0.001, 

Table 1). In terms of medical comorbidities, 14% of donors had Type II diabetes mellitus 

(DM), 31% were obese, 37% had hypertension, 6% had coronary artery disease, 6% were 

intravenous drug abusers, and 18% were smokers (Table 1)—frequencies similar to the 

general US adult population (Table 2). Serological data indicated that 94% and 61% of adult 

donors were seropositive for persistent viruses Epstein-Barr virus (EBV+) and 

cytomegalovirus (CMV+), respectively, consistent with known seropositivities in the general 

US population (28). This analysis shows that by multiple clinical and health criteria, the 

donor population approximated the general state of health of the adult US population 

overall.

We analyzed how key clinical parameters related to the COD, length of brain death, LOS, 

and treatments and drugs administered prior to organ acquisition varied among donors 

(Table 1; Figure 1B,C). The median LOS for the organ donors was five days, and the median 

duration of brain death prior to organ procurement was under two days (44 hours). 

Consistent with most current donor management strategies, ~85–90% of donors received 

steroids, vasopressors, or thyroid hormone after brain death declaration; 55% of donors 

received a transfusion (either packed red blood cells or platelets) during their hospitalization; 

and 46% of donors sustained ALI during their hospitalization (29–31). A small fraction of 

donors (10.5%) also developed infections, as measured by positive cultures in blood or 

urine.

Certain clinical factors varied by age (Figure 1B,C; Table 1). COD varied significantly, in 

which median age was highest for donors who died of stroke and lowest for donors who died 

of HT (p<0.001). Pediatric and young adult donors were most likely to receive CPR and 

transfusions prior to organ donation, and to have shorter lengths of stay and brain death 

durations. Young adult donors were more likely to sustain ALI prior to organ donation. 

Finally, young adults and middle-aged donors had the highest rates of infections, also 

associated with anoxia (Table 1). Thus, the conditions and circumstances of death and 

subsequent hospitalization varied significantly by age.

Variation in blood immune cells and cytokines among donors

We initially examined the frequency of innate (myeloid lineage) and adaptive (T and B cells) 

immune cells in the blood of organ donors compared to healthy controls. While T cell subset 

frequencies and CD4+:CD8+ T cell ratios did not vary significantly between donors and 

healthy controls, donor blood contained a significantly higher percentage of neutrophils 

compared to that of healthy controls (Figure 2A; mean of 85% vs 64%, p<0.001). Monocyte 

frequencies for donors and healthy subjects were within normal limits (32) and not 

significantly different. Frequencies of naïve, effector, and memory T cell subsets did not 

vary significantly between organ donors and healthy controls (Figures 2A,B), indicating no 

overt immune cell activation in either population. These results indicate an increase in 

circulating neutrophils in donor compared to control blood, but similar lymphocyte 

frequencies.
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We measured the concentration of multiple cytokines in the serum of donors and healthy 

controls (Figures 3A). Notably, donor and healthy control serum both contained low or 

negligible levels of multiple inflammatory cytokines, including Type I IFN, TNF-α, IFN-γ, 

IL-17, IL-12, IL-23, IL-1β and IL-18, and the Th2-promoting cytokine IL-33 (Figure 3A). 

(Elevated levels of IL1-β, IFN-γ, and IFN-α were consistently observed in samples obtained 

from a healthy male (28yrs), suggesting natural variation in serum cytokines among the 

healthy population.) There were, however, statistically significant elevations in three pro-

inflammatory cytokines in donor compared to control serum, including monocyte 

chemotactic factor (MCP-1; also known as CCL2); IL-6 a multi-functional pro-

inflammatory cytokine; and IL-8 a neutrophil chemotactic factor. Levels of the anti-

inflammatory cytokine IL-10 trended higher in organ donors but did not reach significance 

(p=0.129). These results indicate that donor serum exhibited specific elevations in certain 

cytokines, rather an overall global inflammatory signature.

We analyzed whether changes in levels of MCP-1, IL-6, IL-8, and other cytokines were 

associated with specific variations in donor clinical state, based on eight clinical parameters 

identified in Figure 1A (Figure 3B). Serum MCP-1 concentration was higher in donors 

receiving transfusions, in donors with infections, and in donors with multiple clinical factors 

present (Figure 3B). Serum IL-6 levels were higher in donors with infections compared to 

those without, while elevated levels of IL-8 and IL-10 did not correlate with any clinical 

change (Figure 3B). Table 3 shows a correlation matrix revealing that donors with one 

elevated cytokine are more likely to have elevations in other cytokines. Together, these 

results show that elevated levels of these three cytokines are specific features of organ 

donors and correlate with worsened clinical state (e.g. MCP-1) or infections (MCP-1, IL-6).

Myeloid and lymphoid lineage analysis and variation by clinical parameter

We performed a systematic analysis of myeloid (monocyte, neutrophil) and lymphocyte (T, 

B) lineage cells in lymphoid and mucosal tissues compiled from many donors (Figure 4). 

Among leukocytes (CD45+), the frequency of CD14+ monocytes and CD15+ neutrophils 

differs for each site as observed in flow cytometry plots from representative individual 

donors and compiled data from 40 donors (Figure 4A,B). Notably, blood and blood-rich 

tissues including BM, spleen, and lungs have the highest frequencies of monocytes (5–20%) 

and neutrophils (30–80%) compared to lymph nodes (LN), with intestinal sites having the 

lowest frequency (<5%,) (Figure 4B). These compiled results indicate that the composition 

of innate immune cells differs between tissues, and this tissue-specific composition does not 

vary significantly between individuals.

In order to examine how cell frequencies changed in each tissue site in relation to donor 

clinical variations, we performed a cross-table analysis comparing monocyte and neutrophil 

variation across eight clinical parameters between each tissue site (Figure 4B). Monocyte 

frequency was significantly higher in the blood and lungs of donors who died of anoxia 

compared to stroke or HT, while neutrophil frequency was higher in the blood and spleen of 

donors who died of stroke compared to HT, with COD and CPR as the only factors 

associated with significant differences in the blood (Figure 4C). However, there were no 

significant differences in any of the LN basins or intestinal sites when analyzed in relation to 
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the eight clinical factors (Figure 4C). These results indicate that despite some variation in 

myeloid lineage cells in blood-rich sites based on COD, the tissue composition of 

monocytes and neutrophils was a feature of the tissue sites and remained stable between 

clinically-diverse donors.

For lymphocyte composition, the T:B and CD4+:CD8+ T cell ratio was a feature of the tissue 

site as determined in a large donor cohort (Figure 5A, n=82), with lymphoid sites having 

higher T cell content and predominant CD4+ T cells compared to mucosal sites consistent 

with our results in smaller cohorts (21, 23). When lymphocyte composition (T, B, CD4+, 

CD8+ T cells) was analyzed for variations across eight clinical parameters as above, there 

was no significant variation in any of the 10 sites examined except for some jejunal variation 

in T:B ratio only (Figure 5B). Specifically, blood transfusion was associated with a higher 

T:B ratio and ALI correlated with a lower T:B ratio (Figure 5B). Together these findings 

show minimal detectable variation in lymphocyte composition in tissues of diverse organ 

donors based on multiple clinical parameters, revealing stability of tissue lymphocyte 

populations in organ donors.

T cell subset distribution is stably maintained

T cells exist in distinct subsets that reflect their activation history and functional capacity 

and can be delineated by CD45RA and CCR7 expression into naïve (CD45RA+CCR7+), 

effector-memory (TEM: CD45RA−CCR7−), and terminal effector (TEMRA: 

CD45RA+CCR7−) subsets (Figure 6A) with the relative proportions of these subset a 

function of the tissue site, age and lineage (21, 23). We analyzed the proportion of these 

major subsets in each site compiled from 82 different donors across eight clinical factors 

(Figure 6B–D). For both CD4+ and CD8+T cells, naïve T cells were prevalent in lymphoid 

sites, TEM cells were the predominant subset in mucosal sites and present in significant 

frequencies (30–50%) in lymphoid sites, while CD8+ TEMRA cells were found significantly 

only in blood and blood-rich sites (BM, spleen, lung; Figure 6B,C). The frequency of these 

T cell subsets did not exhibit significant variations across 8 clinical factors in most sites, 

with the exception of COD which was associated with variations in naïve T cells in spleen, 

ILN, and LLN and TEMRA in BM and spleen (Figure 6D, top). When adjusting for effects 

of age, however, these variations in T cell subset composition were no longer significant. 

These results show stability of T cell subset composition in donors despite clinical variation 

and when controlling for age.

Immune cell variations by quantitative association with clinical risk factors

To further investigate potential associations between immune cell content in blood and 

tissues with donor clinical status, we stratified immune cell results based on the aggregate 

number of clinical factors (Figure 7, see methods). Interestingly, the monocyte, neutrophil 

and lymphocyte (T:B, CD4+:CD8+ T cell) content in blood and tissues was similar in donors 

independent of clinical factors, (Figure 7A). However, significant variations were observed 

for CD8+ TEM and TEMRA cells in blood, BM, and lung. The frequency of CD8+ TEMRA 

cells was higher in the blood and BM of individuals with >1 factor, compared to donors with 

none (Figure 7B). Conversely, the proportion of CD8+ TEM cells was lower in the blood and 

BM of donors with one or more clinical factors compared to donors with none (Figure 7B). 
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Correlating serum cytokines with immune cell frequencies in the blood (Table 4), indicates 

that MCP-1 is associated with increased frequencies of monocytes and neutrophils while 

IL-8 is associated with higher frequencies of CD8+ TEMRAs. These data show measurable 

changes in the frequency of circulating TEMRA cells and serum IL-8 with increased clinical 

factors, while myeloid cells and tissue populations remain stable.

DISCUSSION

We have obtained tissues from organ donors at the time of procurement for life-saving 

transplantation for fundamental studies on human immunology, through a research protocol 

and collaboration with LiveOnNY. This resource has enabled the study of immune cells to a 

depth and scope not previously possible—in 10–15 tissue sites from a single individual and 

from diverse individuals of all ages. Our studies have yielded consistent results on tissue-

specific immune cell populations between disparate individuals (17, 19, 21, 23, 24); 

however, donors experience diverse COD and clinical states, raising the important question 

of whether clinical variations impact immune parameters.

To address this question, we analyzed lymphocyte data from a large donor cohort together 

with new results on myeloid cells and cytokines in tissue and/or circulation across eight 

clinical factors known to impact organ physiology and immune responses, including COD, 

duration of brain death or hospitalization, CPR, infections, ALI, and/or transfusions. 

Overall, we found negligible variation in the composition of innate and adaptive immune 

cells in tissues from analysis of over 100 donors across these clinical parameters. However, 

there were measurable, but limited, changes in circulation in certain serum cytokines and 

immune subtypes when stratified by clinical factors. Together, these findings indicate the 

remarkable stability of tissue immunity in the context of variations in circulation, and 

indicate that organ donor tissues can provide a unique view of human tissue immunity.

The cohort of research-consented organ donors analyzed here exhibited a profile of health 

consistent with the overall US adult population. The key variables that differed among these 

donors were age-related with COD being a major variable associated with clinical 

complications. Younger donors exhibited highest rates of HT and anoxia (related to 

accidents, suicides, and drug overdoses) compared to older donors where CVS was the 

predominant cause. As a result, younger donors were more likely to experience ALI and 

infections which can occur as a result of aspiration following traumatic injury or overdose. 

Younger donors had shorter LOS likely due to superior organ quality and shorter search for 

an accepting transplant center.

The myeloid and lymphocyte composition in blood and tissues of donors did not exhibit 

significant variations over eight clinical parameters. Overall, we did not find significant 

variations in the tissue-intrinsic composition of immune cells in tissue sites based on COD, 

CPR, brain death duration, LOS, transfusions, steroids, ALI, or when combing multiple 

clinical factors. Notably, lymph nodes, intestines, and lungs maintained stable frequencies 

between donors. Variations in monocyte, neutrophil and CD8+ TEMRA composition was 

observed in blood and/or blood-rich sites such as spleen and BM with COD and CPR, and 

associated with multiple clinical factors. These findings indicate that variations in donor 
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immune cell parameters due to clinical state are nearly exclusively observed in circulation, 

with tissues maintaining stable immune populations.

Compared to healthy controls, donor blood contained an increase in neutrophils and serum 

concentrations of MCP-1, IL-6 and IL-8, while levels of multiple inflammatory cytokines 

and monocytes/lymphocytes numbers were similar. The blood neutrophilia in organ donors 

could be due to increased IL-6 and IL-8 which function in neutrophil chemotaxis (33) and/or 

steroids, which are administered to donors to replace adrenal function (34–36), but can 

trigger elevations in neutrophils by demargination (37). MCP-1 and IL-6 levels were 

increased in donors with infections, consistent with findings in transplant patients (38, 39). 

The immune cell stability in tissues despite these variations in serum cytokines suggests that 

immune cells in tissues may be segregated into protective “niches” where with specific 

cytokine and cellular environments. Our discrepant findings in the circulation and tissues 

further suggest a level of separation exists between tissue resident cells and their circulating 

counterparts.

Limitations to our study include the possibility that relatively few changes related to immune 

cell subset and phenotype in tissues, more sensitive measures such as transcriptome profiling 

may uncover variations. It is also possible that additional clinical factors from the ones 

chosen may impact tissue immune status. Several studies utilizing organ biopsies in 

deceased vs. living donors have attempted this type of analysis with some differences 

identified (40–44), although there has been some debate regarding the timing of biopsies as 

related to cold ischemia time (40). All of our donors met brain death criteria, not allowing us 

to discern living vs. deceased changes.

Our understanding of human immunology is largely dependent on knowledge obtained from 

sampling of blood and extrapolated from animal models. Therefore, a major goal in modern 

immunology is to develop a method to study human immunity in situ. Our findings show 

stable maintenance of tissue immune cell populations in diverse sites indicate that organ 

donation cannot only provide life-saving therapies in the short-term, but can serve as a 

unique and valuable research resource for fundamental studies on human immunology for 

future life-saving therapies.
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Refer to Web version on PubMed Central for supplementary material.
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ALI Acute lung injury
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BM Bone marrow

CPR Cardiopulmonary resuscitation

COD Cause of death

CVA Cerebrovascular accident

HT Head Trauma

LOS Length of stay

BM Bone Marrow

LN Lymph Node

MCP-1 Monocyte chemoattractant protein-1

TEM Effector memory T cells

TEMRA Terminal Differentiated Effector T cells
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Figure 1. Characteristics of deceased organ donors analyzed in this study
Tissues from research-consented organ donors were obtained for analysis of immune cells 

from 291 donors between February, 2011 and October 2016. (A) Graph shows number of 

donors of each age spanning 3 months to 93 years of age (n=291), stratified into the 

following age categories: Pediatric, 0–15 years of age; Young adult, 16–35 years of age; 

Middle years, 36–65 years of age; Senior, > 65-years of age. (B) Graph shows stratification 

of gender (left) and cause of death (right) by age range. (C) Bar graphs showing eight 

clinical characteristics stratified by donor age category. Clinical characteristics include: non-

cerebrovascular accident (CVA) as cause of death (COD); need for cardiopulmonary 
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resuscitation (CPR); brain death duration greater than 48 hours (BDD>48hrs); length of stay 

(LOS) greater than one week; administration of steroids (1g Solumedrol every 24 hours) 

after the diagnosis of brain death; presence of acute lung injury (ALI) as diagnosed by 

Berlin criteria (see supplemental methods); whether or not the donor received a packed red 

blood cell or platelet transfusion during their hospitalization (“Transfusion”); and, whether 

or not the donor had a positive blood or urine culture at any point during their hospitalization 

(Culture positive).
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Figure 2. Immune cell composition in donor blood compared to healthy controls
Immune cell content in the blood of organ donors and healthy living controls was analyzed 

by flow cytometry. (A) Left: Frequency of CD4+ and CD8+ T cells, neutrophils and 

monocytes in peripheral blood of organ donors (n=82, T cells; n=40, monocyte/neutrophil) 

compared to healthy controls (n=7) expressed as %CD45+ cells (** indicates p<0.001). 

Right: Graph shows percentage of naïve (CD45RA+CCR7+) and effector-memory (TEM, 

CD45RA−CCR7−) subsets for CD4+ and CD8+ T cells. N.S.=not significant. (B) 

Representative flow cytometry plots of lymphocytes in healthy control (top) and deceased 

organ donors (bottom) showing gating for T, B, CD4+, CD8+ T cells and T cell subset 

delineation by CD45RA and CCR7 expression. All plots are shown as a function of live 

(DAPI−), singlet, CD45+ cells. Numbers in quadrants indicate mean ± SEM for entire 

cohort.
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Figure 3. Comparison of Serum cytokine levels in organ donors and healthy controls
(A) Levels of multiple cytokines in the serum of organ donors (n=47) and healthy controls 

(n=13) expressed as pg/ml (mean ± SEM). N.S.=not significant. Significant differences 

between levels in donors and healthy controls were identified for MCP-1 (p<0.001), IL-6 

(p=0.0041), and IL-8 (p=0.0129) (* = p<0.05, ** = p< 0.01). (B) Matrix shows serum 

cytokine concentrations as a function of eight measured clinical characteristics as defined in 

Figure 1C (COD, cause of death; CPR, cardiopulmonary resuscitation; LOS, length of stay > 

1 week with the mean LOS being 5.5 days; BDD, brain death duration greater than 48 hours 

which was the mean length of brain death; Transfusion, whether or not a donor received any 
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packed red blood cell or platelet transfusion; Cx Data, whether or not donors had a positive 

blood or urine culture during their hospitalization.) The matrix grid shows an ANOVA 

analysis analyzing the presence/absence of each factor in each tissue. Shaded pink boxes 

indicating significant (p<0.05) positive correlation with the factor and shaded blue boxes 

indicating negative correlation with the factor. For MCP-1, the significance for each factor 

was: p=0.0280 for higher levels of MCP-1 in HT vs. stroke; p=0.006 for higher MCP-1 in 

donors with BDD> 48 hours; p=0.0034 for higher MCP-1 in donors with LOS >1 week; 

p<0.001 for higher MCP-1 levels in donors who had transfusions; and p<0.001 for higher 

MCP-1 levels in culture+ donors. IL-6 was higher in donors with infections (p=0.06).
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Figure 4. Low variability of Monocyte and neutrophil content as a function of donor clinical 
changes
(A) Representative flow cytometry plots of CD14+ monocyte (first two rows) and CD15+ 

neutrophil (third and fourth rows) staining in relation to their side scatter properties in blood 

and seven tissue sites of a representative individual organ donor including blood, spleen, 

lung, lung-drining lymph nodes (LLN), jejunum, ileum, colon and mesenteric lymph node 

(MLN). Plots show profiles gated on live (DAPI−), singlet, CD45+ cells. Numbers in 

quadrants indicate mean ± SEM for entire cohort. (B) Compiled flow cytometry data 

showing percentage of monocytes (mean ± SEM) (left) and neutrophils (right) in blood and 

nine tissue sites (n=40). Tissue abbreviations as in (A) also showing bone marrow (BM) and 
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iliac lymph node (ILN). (C) Matrix shows significant changes (p<0.05) in monocyte (left) or 

neutrophil (right) levels as a function of eight clinical factors as defined in Figure 1C (COD, 

cause of death; CPR, cardiopulmonary resuscitation; LOS, length of stay > 1 week; BDD, 

brain death duration greater than 48hrs; Transfusion; Cx Data) The matrix grid shows an 

ANOVA analysis analyzing the presence/absence of each factor in each tissue. Shaded pink 

boxes indicating significant (p<0.05) positive correlation with the factor and shaded blue 

boxes indicating negative correlation with the factor. Significance level for each factor was 

as follows: for monocytes, a higher frequency in the blood (p=0.0043) and lung (p<0.001) 

was associated with anoxia (labeled ‘A’) compared to donors who died of stroke, while 

higher monocyte frequency in blood was also associated with CPR (p=0.0293). For 

neutrophils, donors who died of stroke (labeled ‘S’) had significantly higher frequencies in 

the blood (p=0.0417) and spleen (p=0.0326) than donors who died of HT.
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Figure 5. Stability of lymphocyte frequencies in donor blood and tissues as a function of donor 
clinical changes
(A) Compiled Lymphocyte data showing mean ± SEM for T:B cell (left) and CD4+:CD8+ T 

cell (right) ratios in each tissue site (n=82). Tissue abbreviations: BM, bone marrow; ILN, 

iliac lymph node; MLN, mesenteric lymph node. (B) Matrices show significant changes 

(p<0.05) in T:B cell (left) or CD4+:CD8+ T cell (right) ratios as a function of eight measured 

clinical characteristics as defined in Figure 1C. The matrix grid shows an ANOVA analysis 

analyzing the presence/absence of each factor in each tissue. Shaded pink boxes indicating 

significant (p<0.05) positive correlation with the factor and shaded blue boxes indicating 

negative correlation with the factor. A lower T:B ratio in jejunum was associated with ALI 

(p<0.001) while a higher T:B cell ratio was associated with transfusions (p=0.0091).
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Figure 6. T cell subset composition in tissues varies more by age and less by clinical factors
(A) CD4+ and CD8+ T cell subsets are defined as a function of CD45RA and CCR7: 

Terminal Effector (TEMRA: CD45RA+CCR7−), Naïve (CD45RA+CCR7+), and Effector 

Memory (TEM: CD45RA−CCR7−). (B) Compiled subset results for CD4+ T cells showing 

naive (upper) and TEM (lower) percentages (mean ± SEM) in blood and 9 tissue sites 

(n=82). (C) Compiled subset results for CD8+ T cells showing naive (upper), TEM (middle) 

and TEMRA (lower) percentages (mean ± SEM) in blood and 9 tissue sites (n=82). (D) 

Matrix of significant association (p<0.05) of T cell subset frequencies with eight clinical 

parameters without adjustments for age (top), and adjusted for age as a covariate (bottom), 
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as defined in Figure 1C. The matrix grid shows an ANOVA analysis analyzing the presence/

absence of each factor in each tissue. Shaded pink boxes indicating significant (p<0.05) 

positive correlation with the factor and shaded blue boxes indicating negative correlation 

with the factor. In the age-adjusted analysis, HT as a COD was associated with significantly 

higher CD4+ naïve cells (p<0.001) and CD8+ naïve cells (p=0.002) in the LLN compared to 

donors who died of a stroke.
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Figure 7. Immune cell variations for lymphoid and myeloid subsets across tissue site by number 
of donor clinical risk factors
Cellular frequencies were compared between donors across three categories in all ten tissue 

sites: donor categories included, donors with 0 clinical risk factors; donors with one risk 

factor; and donors with two or more risk factors as defined in Figure 1C. (A) Monocyte/

Neutrophil (n=40; top) as well as T:B and CD4+:CD8+ (n=82; bottom) ratios (mean value ± 

SEM) compared across tissue sites as a function of number of donor clinical risk factors. (B) 

CD4+ and CD8+ T cell subset frequencies compared across tissue sites as a function of 

number of donor clinical risk factors.
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TABLE 2

Medical comorbidities - Donors compared to the US adult population

Our Adult Donors
(%)

US Population
(%)

HTN 41.6 32†

DM 16.3 9.3†

CAD 7.2 6†

COPD/Asthma 13.6 11✓

Obese 34.4 35.9†

IV Drug abuse 6.33 < 1╤

Smoker (defined as > 20 pack years in our donors) 20.1 19.3†

Medical comorbidities in adult deceased donors vs. US adult population (adult = 18 years of age or older).

†
CDC estimates

✓
American Lung Association estimates (current smokers)

╤
Health and Human Services estimate (Substance Abuse and Mental Health Services Administration (SAMHSA)
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TABLE 3

Correlation of serum cytokine levels in organ donors

MCP-1 IL-6 IL-8 IL-10 IL-18

MCP-1 1

IL-6 0.4783 1

0.0001*

IL-8 0.3833 0.1545 1

0.0014* 0.2119

IL-10 0.5606 0.1594 0.312 1

0.0001* 0.1976 0.0102*

IL-18 0.0232 −0.0297 0.1075 0.3327 1

0.8522 0.8117 0.3866 0.0059*

Serum cytokine correlation among the five highest serum cytokine levels seen in the deceased organ donor population (n=47).

Top row = correlation coefficient (>0 means positive correlation; <0 means negative correlation).

*
Bottom row/shaded row = p-value (< 0.05)
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TABLE 4

Correlation between serum cytokine levels and immune cell frequencies in peripheral blood of organ donors

MCP-1 IL-6 IL-8

Correlation
Coeff. P-value

Correlation
Coeff. P-value

Correlation
Coeff. P-value

Blood

    Monocyte 0.6779 0.0312 −0.1968 0.5859 0.1267 0.7273

    Neutrophil 0.6338 0.0915 0.2118 0.6145 −0.3813 0.3514

    T:B cell ratio 0.1346 0.6465 0.2387 0.4111 0.273 0.3449

    CD4:CD8 ratio −0.3565 0.3463 −0.3358 0.377 −0.3214 0.3989

    CD4 naïve −0.2333 0.4028 −0.2781 0.3156 −0.1464 0.6026

    CD4 TEM 0.3338 0.224 0.336 0.2208 0.1957 0.4845

    CD8 naïve −0.2187 0.4336 −0.2174 0.4365 −0.275 0.3212

    CD8 TEM −0.2367 0.3956 −0.3012 0.2754 −0.3908 0.1498

    CD8 TEMRA 0.3777 0.1651 0.4133 0.1258 0.5682 0.0271

Correlation data between serum cytokine concentrations and peripheral blood immune cell frequencies (n=47).

Light grey (p <0.10); dark grey (p < 0.05).
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